Summary
: Two theories for the evolution of the articular cavity have long been disputed: the first is that the articular cavity originates from the liquefaction of tissue, and the second is that it is a result of dehiscence of tissue. We investigated the development of the articular cavity using chick embryos.
The study included 24 embryos in all, of which one each was incubated every 6 hours from a 6-day, 0-hour embryo to an 11-day, 18-hour embryo. Their heads were surface of the lower beak. In the 6-day, 0-hour embryo, the anlage of the quadrate-mandible articulation had already formed.
In the 6-day, 18-hour embryo, prominent changes were reco- When the articular cavity is formed, the mesenchymal tissue which lies between the two cartilages composing the articulation changes variously and forms the articular cavity. One important point of controversy is thus how this tissue actually changes in the process of articular cavity formation. There are two theories for the mode of change of the tissue : the theory of dehiscence of the tissue (the "Dehiszenztheorie"), and the theory of liquefaction of the tissue (the "Verfltissigungstheorie")
. The theory of dehiscence claims that the aperture is formed through the influence of the mechanical force of the musculature in the mesenchymal tissue which lies between the two cartilages composing the articulation. On the other hand, the theory of liquefaction holds that as a result of degenerative changes as well as mucous degeneration of this tissue, the phenomenon of liquefaction appears and the aperture is so generated.
Almost all studies on the mode of change have been conducted using the (1940) is the only study on the articular cavity of the temporomandibular joint. We therefore investigated the process of formation of the articular cavity in detail using chick embryos.
Materials and methods
The materials used were 24 White Leghorn embryos, of which one each was incubated every 6 hours from a 6-day, 0-hour embryo to an 11-day, 18-hour embryo. They were fixed immediately in Bouin's solution, embedded in paraffin and sectioned serially at 10 pm nearly parallel to the upper surface of the lower beak. The sections were stained by MassonGoldner's methed as well as Loots-LootsJoubert's method.
The temporomandibular joint of the chick is composed of five bones : the quadrate, the mandible (Meckel's cartilage), the ptergoid, the squamosal, and the quadratojugal. They form four articulations around the quadrate : the quadratemandible articulation, the quadrate-squamosal articulation, the quadrate-pterygoid articulation, and the quadrate-quadratojugal articulation.
In the present study, the developing process of the articular cavity in growing fetuses was observed for the two articulations of the quadratemandible and the quadrate-squamosal.
Findings
(1) 6-day embryos In the 6-day, 0-hour embryo, the anlage of the quadrate-mandible articulation had already formed. In this region, the anlages of Meckel's cartilage and of the articular process of the quadrate were observed side by side mediating the condensed layer of undifferentiated mesenchymall cells. They were composed of young cartilage cells whose nuclei were large and which had little cytoplasm.
The mesenchymal cells lying between both anlages (termed mediating mesenchymal cells hereaftes) exhibited an almost round shape, their nuclei were large and they had little cytoplasm.
In the transitional region between the mesenchymal tissue and both anlages, morphological differences were barely recognized between the mesenchymal cells and the cells of both anlages.
That is, there was little cytoplasm in each cell and each cell had a large nucleus.
The arrangement of cells which migrated from the dense layer of mesenchymal cells to each cartilage revealed a gradual increase in density (Plate I, Fig. 1 a and b) .
In the 6-day, 12-hour embryo, the layer of mediating mesenchymal cells of the quadrate-mandible articulation was denser than that at the previous stage. However, no remarkable changes were noted in the form of the cells in this region.
In the 6-day, 18-hour embryo, remarkable changes were apparent in the anlage of this articulation.
Apertures, appearing to represent the primitive articular cavity, had already formed partially in the cluster of mediating mesenchymal cells. These apertures gave the appearance that the two cells had separated, and the cells facing the apertures exhibited a slightly elliptical shape. Moreover, the nucleus of the cells exhibited a slightly elliptical shape according to the cell from.
At this stage, these mesenchymal cells were also arranged densely. On the other hand, in each cell of the cartilages on both sides clipping this layer, the cytoplasm was increased and the size of the nucleus was relatively recuced. Intercellular matrix was slghtly formed and was stained very faintly light green, indicating that chondrification had begun (Plate I, Fig. 2 
a and b).
(2) 7-day enThryos In the 7-day, 0-hour embryo, further remarkable changes were noted in addition to the formation of the primitive articular cavity as mentioned above. The layer of mediating mesenchymal cells became diminished in width, and apertures similar to those seen in the 6-day, 0-hour embryo were increased in number. The size of the apertures was 2-3 times the size of the cells, different from the situation in the 6-day, 18-hour embryo. (Plate II, Fig. 3 a and b) .
Being at high concentration, the arrangement of the cells around the articular apertures appeared to be forced by both cartilages. That is, the forms of the cells in this region comprised a few long spindle shapes and their nuclei also exhibited a spindle shape.
The nucleus of the cells of this type was large, and the cytoplasm was detectable with a nucleolus. However, it could not be asserted that the nucleus swelled or disintegrated.
(Plate II, Fig.  3 
c).
At this stage, formation of the quadratesquamosal articulation was distinguished. The mesenchymal cells propagated as if they surrounded the otic process of the quadrate.
On the medial side, this layer of mediating mesenchymal cells was in contact with the cartilage which composed the skull. On the outer side, it extended to the rear. A cluster of fibroblasts was observed between these posterior mesenchymal cells and those which were in contact with the cartilage composing the skull. (Plate II, Fig. 4 ).
In the 7-day, 6-hour embryo, the articular apertures seen in the quadratemandible articulation were formed one on top of the other with a great number in a lamellar state clipping the layer of mesenchymal cells.
The cells in the middle part of the layer of mediating mesenchymal cells were smaller than the cells near the cartilage, and the cells hemming the environs of the articular aperture exhibited a spindle shape. The portion occupied by their nuclei was almost equal to that in the 7-day, 0-hour embryo. (Plate III, Fig. 5 ).
In the quadrate-mandible articulation of the 7-day, 18-hour embryo, some articular apertures persisted and began to form a larger cavity. Several cells situated near the cavity were seen to exhibit a spindle shape.
However, these spindle shaped cells, the nucleus occupied most of the cell, and moreover, a nucleolus was also seen (Plate III, Fig. 6 ).
In the quadrate-squamosal articulation of the 7-day, 6-hour embryo, the mediating mesenchymal cells were crowded, and at this stage, each cell exhibited a spindle shape. These spindle shaped cells grew more slender in the area near the contact with the fibroblasts.
Moreover, the nucleus exhibited a shape corresponding to the shape of the cell. Three kinds of mesenchymal cells, the cartilage which composed the skull, and the otic process, were clearly distinguishable.
Ossification had already begun in one part of the squamosal. (Plate III, Fig. 7 ).
(3) 8-day embryos The articular apertures seen in the quadrate-mandible articulation of the 8-day, 0-hour embryo were enlarged and fused, forming several larger cavities. Some cells which bound these larger cavities were stripped off with lamellae from the layer of mesenchymal cells which covered both cartilages.
This cell layer being stripped off, composed of spindle shaped cells, continued with the mediating mesenchymal cells, and at this stage the spindle shaped cells grew more slender than at previous stages.
In the cavities, some of the spindle shaped cells were isolated.
However, the relation between the cytoplasm and the nucleus was almost identical to that of stages earlier than the 8-day, 0-hour stage. The mesenchymal cells which covered the cartilage were smaller than their surrounding cells. The layer of these cells was dense, and the intercellular matrix was slight. (Plate III, Fig. 8 ).
In the 8-day, 12-hour embyo, intercellular matrix was plentiful in Meckel's cartilage and in the cartilage of the quadrate. Moreover, it was clearly stained light green, indicating that chondrification was progressing further.
The articular apertures in the quadrate-. mandible articulation were developed further, and their contours were clearer. Cells situated in this area exhibited a typical spindle shape ; and there was little cytoplasm as yet, and the nucleus was large. Moreover, the nucleus exhibited a spindle shape. The mesenchymal cells facing these articular apertures grew very slender, and were arranged in 2-3 layers which covered the cartilage. They were darkly stained brown by MassonGoldner's method. In particular, the cells of the most exterior layer facing this aperture were stained brown as well as the cells:which projected into the articular aperture. No liquefaction could be detected. (Plate III, Fig. 9 ).
In the 8-day, 18-hour embryo, the exterior cells facing the articular aperture were stained brown by Masson-Goldner's methed, and in the articular aperture, the layers of cells separated from the mesenchymal cells were isolated. These layers were stained brown as well as the exterior cells which covered both cartilages.
The layer of mediating mesenchymal cells in the quadrate-squamosal articulation of the 8-day, 12-hour embryo, was somewhat narrow in width, and all the cells in this region exhibited a spindle shape. Ossification on the squamosal had progressed further. Moreover, a layer of cartilage of weak stainability was observed in one part of the squamosal between this area of ossification and the mesenchymal cells. (Plate III, Fig 10) . (4) 9-day embryos In the quadrate-mandible articulation of the 9-day, 6-hour embryo, the layer of cells separated into the articular aperture from the layer of mediating mesenchymal cells, appeared to represent the articular disk. These cells were cennected with the fibroblasts which covered both cartilages, and the spindle shaped mesenchymal cells in the transitional portion with the fibroblasts became more slender. (Plate IV, Fig. 11 ).
In this articulation of the 9-day, 12-hour embryo, the layer of mesenchymal cells which covered the cartilages was diminished more in width.
In the quadrate-squamosal articulation of the 9-day, 6-hour embryo, several articular apertures were observed in the layer of mesenchymal cells between the cartilage which originated on the squamosal and the otic process of the quadrate.
The cells around the articular aperture were loose in connection, and the cells on this part exhibited a spindle shape. Their spindle shaped nuclei were large and the cells had little cytoplasm. The cells around the articular aperture were smaller than those of the squamosal side or of the otic process side. (Plate IV, Fig. 12 ).
(5) 10-day embryos The articular cavity of the quadratemandible articulation was almost complete in the 10-day, 0-hour embryo. The layer of cells resembled the articular disk of the former stage, closed the connection with the mediating mesenchymal cells in one part, and appeared to project into the aperture connecting with the fibroblasts around the articulation.
At this stage, the nuclei of the cells in this part became a little smaller, but no cell liquefaction could be observed.
Also, in this cavity, isolated cells were seen. These isolated cells were rounder and larger than the cells connecting with the fibroblasts.
The layers mesenchymal cells, which covered both cartilages, were thin, and the density of their cells was high. A slight intercellular matrix was recognized among these cells and this matrix was stained light green, indicating that chondrification had progressed on the transitional part to Meckel's cartilage or to the cartilage of the quadrate.
(Plate IV, Fig. 13 a and b) .
In the quadrate-squamosal articulation at this stage, formation of articular apertures was seen in the mediating mesenchymal cells between the otic process and the cartilage which composed the skull as well.
In the 10-day, 12-hour embryo, aperture was larger than that at previous stages.
(6) 11-day embryos In 11-day embryos, no remarkable changes in the quadrate-mandible articulation could be observed.
However, the mesenchymal cells covering both cartilages were arranged in a single layer, and became deeply stained with light green. The portion of cytoplasm in the cell increased.
It was apparent that cartilage was being formed vigorously around this (Plate IV, Fig. 14) .
In the quadrate-squamosal articulation of the 11-day, 0-hour embryo, the cartilage cells formd on the squamosal grew tremendously and exhibited an almost round shape.
The mesenchymal cells lying between the squamosal and the otic process of the quadrate were lightly stained with light green and migrated into the mesenchymal cells which covered the cartilage and the skull. In this transitional part in the 11-day, 18-hour embryo, the spindle shaped cells grew more slender than at previous stages and were lighly stained with light green. Moreover, in this region, the arrangement of cells was sparse. (Plate IV, Fig. 15 Based on our findings, the primitive articular cavity is formed in almost the middle part of the layer of mediating mesenchymal cells in the 6-day, 18-hour embryo. This aperture (primitive articular cavity) shows what is apparently the connection of the two cells separating, and the cells of this aperture exhibit a slightly elliptical shape.
In the 7-day, 0-hour embryo, this articular aperture enlarges and the cells facing the aperture grow into a longer ellipse. The long axis of this ellipse forms a near rightangle with the linking the two cartilages which compose the articulation. At this stage, the nucleus occupies most of the cell and there is very little cytoplasm.
Morinaga, Hagen-Torn, Schtilin, etc., who supported the theory of liquefaction, considered that in the vicinity of the aperture, although to a small extent, the nucleus became diminished, the cytoplasm was destroyed due to an over-increase of cytoplasm or because the contents of the cells changed into a protein-like bubble, and mucous degeneration occurred. However, changes in the cell when the fixation is insufficient must be taken into account. In our study, such phenomena were not observed, so that they can be considered to reflect an insufficiency of fixation.
As mentioned above, in the cluster of cells around the aperture, the cennection between cells separated in one part, and the cells exhibited a slightly slender elliptical shape. No phenomenon of liquefaction could be recognized at all.
These apertures gradually enlarge and fuse with each other as time passes. In the 7-day, 6-hour embryo, the cells facing the aperture exhibit a spindle shape, and at this stage the nuclei also have a spindle shape.
Around this aperture, the previous findings that tissue fluid gathers in what appears to be a section of a tube cavity (Morinaga) or the discovery of a cloudlike non-structure diffusely stained (Hashimoto) as claimed in the literature, could not be recognized.
As found in the 6-day, 18-hour embryo, the primitive articular cavity shows what appears to be a connection between the two cells separating. This is thought to occur under certain influences due to the coarse connection between the two cells. Such phenomena may correspond with those described by Langer, Amabiki, Nakamura, Itakura, etc., in which the connection between the cells is very unstable just before the appearance of the primitive articular cavity in the area where it arises. Furthermore, the form of the cells exhibits a spindle shape at the same time as the primitive articular cavity is formed, and since the long axis of the cells is almost perpendicular to the line linking the two cartilages which compose the articulation, it is thought that the cells are elongated and change into such forms under the influence of the movement of the soft tissues which are present around the articulation.
The mode of development of the primitive articular cavity described above is completely similar to that of the quadrate-squamosal articulation. Many apertures (primitive articular cavities) formed in the same manner enlarge and fuse, and the long axis of the cells formed around the enlarging aperture is perpendicular to the line linking the two cartilages which compose the articulation. Moreover, the cells start to exhibit a perfect spindle shape, and strip off in a lamellar state from the mesenchymal cells lying between both cartilages.
At this stage, the phenomenon of liquefaction of the above-mentioned cells cannot be recognized (8-day, 0-hour embryo, and 8-day, 18-hour embryo).
Although the cells and nuclei in this region exhibit a spindle shape, the nucleolus occupies most of the cell and there is little cytoplasm as in the previous stages.
In the 9-day, 6-hour embryo, the layer of mesenchymal cells lying between both cartilages strips off in a lamellar state and appears to represent the articular disk. This is thought to correspond to Murray's description (1963) of the anlage of the articular disk.
The cells around the articular cavity which Murray described revealed findings similar to our own. In the 10-day, 0-hour embryo, part of the stripped-off cells loses its connection, and becomes isolated in the articular cavity. At this stage, such isolated cells become somewhat round for the first time after the evolution of the articular cavity, and the nuclei are comparatively reduced. At least up to this stage, phenomena of liquefaction such as Morinaga, Hashimoto, and others demonstrated, cannot be recognized in the origin of the articulation.
Based on the above-mentioned results, we are therefore unable to support the theory of liquefaction, but rather our findings for the form of cells suggest that the articulation originates through the dehiscence of tissue. The articular aperture can be recognized in the cluster of mesenchymal cells between the cartilage composing the skull and the otic process.
Chondrification has progressed.
